Abstract Variations in cardiovascular responses to orthostatic stress were investigated in terms of physiological polymorphism. Variations of physiological measurements are subdivided into individual differences and measurement errors. However, individual differences are often considered to be an error in statistical analysis due to its limitations in experimental design. In order to discuss about the relative contribution of individual difference in cardiovascular responses to postural changes, percent contribution (PC) was estimated using the Taguchi method. Six healthy male adults (age range: 21-27) were subjected to orthostatic stress by inducing a postural inclination of 60°head-up-tilting to the horizontal, and the responses were measured thrice in each subject on different days. The respective changes of heart rate (HR) and stroke volume (SV) in the period from the resting supine to the head-up-tilt position were significantly increased (pϽ0.01) and decreased (pϽ0.01) without affecting the mean blood pressure (MBP). The PC of individual difference in HR showed a significantly higher ratio of individual difference during the head-up-tilt (71.4-76.2%) compared with supine rest (0.0-50.4%). While the main variations of HR during supine rest were not the individual differences between the subjects, the day-to-day differences within the subject were significant. The PC of individual differences in MBP and SV constantly displayed a significant difference between the subjects. These results suggest that the strategy for maintaining stable cardiovascular regulation may be different even in normal subjects. In the perspective of physiological parameters, PC monitoring may serve as an empirical approach to evaluate physiological polymorphism.
Introduction
To classify diversity and disparity of organs is one of the principal ideas in biology (Gould, 1989) , and it is also important in physiological anthropology to clarify the difference between diversity and polymorphism in physiological responses (Miyazaki and Tsunetugu, 2003) . However, variations in physiological responses tend to be continuous rather than punctuated. When the variations are continuously distributed and partially overlapped with different physiological responses, the discriminative process then becomes impractical. A detailed verification of the variations would be necessary to discuss physiological polymorphism from a viewpoint of continuous variation.
If we address the variation aspect, the "errors" would probably involve the use of keywords. The population thinking considers variations as "real" and not to be an "error" (Mayr, 1982) . It is for certain that the variation in a given population is the source of diversity upon which natural selection acts to produce different kinds of organisms. From this viewpoint, the individual difference is not an error. However, individual differences are often considered to be an error in statistical analysis due to their limitation in experimental design. Except for individual differences, various types of variation, including measurement error, prevail. Although it is difficult to divide the individual differences from other unexpected variations, the discriminative process is essential for discussion about physiological polymorphism.
One possible answer for this question may lie in statistical verifications. The Taguchi method, which is based on the analysis of variance (ANOVA), can divide a variance of a factor from the total variance of the data (Taguchi, 1976; Ross, 1988) . Taguchi distinguished the sum-of-squares (SSx) from the pure sum-of-squares (SS Јx) for factor x. SSx includes some experimental errors, whereas SS Јx shows the variation associated purely with the factor, reflecting the contribution to variability only due to changes in the factor levels. When data were measured repeatedly in each subject, this method can separate statistically an error variation from the individual difference per se. In this study, we focused on the cardiovascular responses to orthostatic stress. In the standing position, gravity will have an important influence on vascular volume and pressure in various parts of the body. Dependent on the vertical distances from the heart, the pressures in the lower body are increased while those in the upper body decrease, when the postural position of the body is tilted. Coping with these orthostatic stresses requires complex adjustments in the cardiovascular system to first compensate for the changes and subsequently sustain the arterial blood pressure at an appropriate level for proper functioning of the living system (Smith and Ebert, 1990 ). These adjustments have been a necessary adaptation to the development of human bipedal locomotion. The purpose of this study was to elucidate the degree of the individual differences in the variations of cardiovascular responses to orthostatic adjustments in an objective approach with the Taguchi method in terms of physiological polymorphism.
Methods
Six young healthy male adults (age range: 21-27 years) participated in this study with prior consent. Mean anthropometric data (S.D.) for the body height and weight of subjects were 171.6 (6.7) cm and 65.2 (4.6) kg, respectively. The subjects were asked to wear short pants, abstain from eating, drinking, smoking and exercise for at least 2 hr before the experiment.
The experiments were performed in a climatic chamber with respective room temperature and relative humidity of 28Ϯ0.1°C and 55.9Ϯ4.0% in September. The subjects lied on a reclining-table in a face-up posture while standing on a footrest installed at the lower edge of the table. Orthostatic stress was induced by inclining the table to the horizontal plane at 60°in a head-up-tilting position (10 min) with prior supine stabilization (20 min). The gravity exerted onto the body axis was approximately 0.87 G. These tilting protocols were repeated three times in each subject on different days. One of the three protocols required an additional 20-min head-up tilting without a break. In consideration of the circadian rhythm (Aihara et al., 1985) , the variation in the starting time of measurement in each subject was stabilized within 1 hr. For accommodation to the protocol (Kawaguchi et al., 1998) , a preliminary test of the same protocol was conducted on a day prior to the experiments.
Electrocardiogram (ECG) and phonocardiogram (PCG) were recorded using amplifiers (AB-621G, Nihon Kohden, Japan; AS-611H, Nihon Kohden, Japan, respectively). Impedance cardiogram (ICG) was traced with combined use of an impedance plethysmograph (AI-601G; Nihon Kohden, Japan) and a differentiator (ED-601G, Nihon Kohden, Japan). These signals were measured on-line using a personal computer with a 16-bit analog-to-digital conversion rate of 1000 Hz per channel. The beat-by-beat stroke volume (SV) and heart rate (HR) were calculated from the ICG and ECG waves, respectively. The blood pressure (BP) was measured by the oscillometric method (Jentow7700, Colin, Japan) at 150-sec intervals. Mean blood pressure (MBP) was one-third of the pulse pressure plus the diastolic blood pressure. The beat-bybeat SV and HR were averaged at 150-sec intervals. The evaluation periods were executed at 150-sec intervals; viz., 8 and 4 evaluation periods during supine rest (s1-s8) and headup tilting (h1-h4) respectively.
To evaluate the level of the individual difference in variations, we used the Taguchi method (Taguchi, 1976; Ross, 1988) . Taguchi distinguished the sum-of-squares (SSx) from the pure sum-of-squares (SSЈx) for factor x. The pure sum-ofsquares associated with factor x is expressed as follows:
where Ve is the mean-square-error and vx denotes the degree of freedom for the factor. Although this method provides a precise contribution factor in variance, the value of pure sumof-squares is difficult to compare to different parameters. The value of SS Јx, which indicates its relative deviation, depends on the evaluation unit. In this study, the measurements were applied with logarithmic transformation (i.e., common logarithm) for ANOVA. Because a deviation of the logtransformed value becomes a log-transformed ratio from the average value, it becomes an abstract number, as follows:
In order to discuss about the relative contribution factor in variations, the Taguchi method provides another index, percent contribution (PC). The PC of factor x (PCx) is the ratio of the pure sum-of-squares of the factor and the total sum-of-squares (SS T ) and is expressed as follows:
In this study, we calculated the SSЈ for the individual difference in each evaluation period by using repeated measures of one-way ANOVA. As the factor was of 6 levels of the subject, the SS T were subdivided into SSЈ individual difference and SS Ј error . To compare cardiovascular responses between supine rest and head-up tilt periods, the mean values of 10-min summated data (non log-translated) before and after the postural change were evaluated using the paired t-test. Differences with a risk factor of less than 0.05 were considered significant.
Results
None of the subjects had postural symptoms of dizziness and/or syncope during three 10-min and an additional 20-min head-up tilts.
The changes in HR (Fig. 1 ) from supine rest to head-up tilt were significantly increased (pϽ0.01), while those of SV (Fig. 3) were decreased (pϽ0.01) without affecting the MBP ( ) . log log log Xi X Xi Fig. 2) . In the result of individual differences, the values of SS Ј individual difference in HR were small during supine rest compared with head-up tilting (open bar in Fig. 1 ). The PC of individual difference in HR showed a significantly higher ratio during head-up tilting compared with supine rest (Table 1) . The PC of individual difference in MBP and SV constantly showed significant differences, except in the first supine rest period (s1) ( Table 1 ). The SS T of MBP showed constantly smaller variations than those of SV throughout the evaluation period. Furthermore, the values of SS T of MBP were smaller than those of HR during head-up tilting.
Discussion
The major finding of this study demonstrated that the error bar at a chart did not constantly represent the degree of individual difference. During supine rest periods, the PC of individual differences in HR ranged from 0.0 to 50.4% (Table  1) , indicating the PCs of error ranged from 49.6 to 100%. In the experimental design of this study, PC of error indicates relative contributions of different types of variations which include the measurement error and the day-to-day difference within the same subject. We detected the beat-by-beat interval on a 1-msec order from ECG. As the measurement errors of HR were approximately Ϯ0.06 beats/min in supine rest conditions (Riniolo and Porges, 1997) , these values were thus Table 1 Percent contributions (PCs) of individual differences (%) in heart rate (HR), mean blood pressure (MBP), and stroke volume (SV) in the respective evaluation periods (n = 6). See Fig. 1 negligible. Therefore, we consider that the main contribution factor for PC of error must be the day-to-day difference. The results in HR of this study indicate that the main variations during supine rest were not the individual difference between the subjects, rather they reflect the day-to-day differences within the same subject. If the sample population was more heterogeneous, the result might have shown higher PC values in individual differences. Nevertheless, if there were only single measurements in each subject, the results then would be ambiguous. Lee et al. (2004) have reported the use of high reproducible responses between two trials of cardiovascular regulation in grading lower body negative pressures; however, there were significantly higher sympathetic activations at the first compared with the second trial. Although we prepared the subjects in the preliminary session to accommodate the experimental protocol, high percentages of day-to-day differences in HR during supine rest condition were noted. These variations might be characterized as essential variations in the physiological response.
Numerous studies have investigated the reproducibility of cardiovascular responses to the postural effect in clinical populations (Vardas et al., 1994; Ward and Kenny, 1996) , normal young (Lee et al., 2004; Cloarec-Blanchard et al., 1997) and healthy elderly subjects (Mehagnoul-Schipper et al., 2001) . Although these studies mentioned reproducibility within the same subject, the variations between the subjects were omitted in their data analyses using statistical correlations or changes in value from the supine baseline. In this study, the PCs of individual differences were estimated in the respective evaluation periods, including before and after the postural change. The findings revealed that the variations in HR incorporated individual differences mainly during head-up tilting, while those in MBP and SV espoused individual differences throughout the evaluation period. As such, orthostatic stress is a stimulus that generates not only increases but also higher individual differences in HR. As for reproducibility in SV and MBP within the same subject, the effects of day-to-day difference remain unclear. The measurement errors of day-to-day difference were not estimated precisely, because of limitations in the measurement methods.
For comparisons of the sum-of-squares between two different indexes, we used log-translated data for ANOVA. The results of constantly small SS T of MBP compared with those of HR and SV implied the adjustments of HR and SV may play an important role in regulating the homeostatic control of BP. In patient populations with orthostatic intolerance, three patterns of cardiovascular responses to head-up tilting can be identified (Lamarre-Cliche and Cusson, 2001 ); however, a significantly large SSЈ individual difference was elucidated, especially in head-up tilting. These results suggest that there might be different types of strategy in maintaining stable cardiovascular regulation, even in normal subjects.
As the objective criteria to classify diversity and disparity of organs have not been defined in biology (Hofmann and Weber , 2003) , standard criteria to categorize the differences between diversity and polymorphism in physiological responses are still unclear. It is clear, however, that discussion about physiological polymorphism is impractical from parameters with poor reproducible individual differences. From the standpoint of the necessity for the classification of diversity and polymorphism to identify the individual difference, PCs in physiological parameters might become an empirical approach in evaluating physiological polymorphism.
